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The primate dorsolateral prefrontal cortex (DLPFC)
and anterior cingulate cortex (ACC) focus attention
on relevant signals and suppress noise in cognitive
tasks. However, their synaptic interactions and
unique roles in cognitive control are unknown. We
report that two distinct pathways to DLPFC area 9,
one from the neighboring area 46 and the other
from the functionally distinct ACC, similarly innervate
excitatory neurons associated with selecting rele-
vant stimuli. However, ACC has more prevalent and
larger synapses with inhibitory neurons and prefer-
entially innervates calbindin inhibitory neurons,
which reduce noise by inhibiting excitatory neurons.
In contrast, area 46 mostly innervates calretinin
inhibitory neurons, which disinhibit excitatory
neurons. These synaptic specializations suggest
that ACC has a greater impact in reducing noise in
dorsolateral areas during challenging cognitive tasks
involving conflict, error, or reversing decisions,
mechanisms that are disrupted in schizophrenia.
These observations highlight the unique roles of the
DLPFC and ACC in cognitive control.
INTRODUCTION
The ability to keep track of information and one’s actions from
moment to moment is necessary to accomplish even the simple
tasks of everyday life. Lateral prefrontal cortices in primates,
especially dorsolateral areas 46 and 9, have a key role in the
process broadly called working memory (Goldman-Rakic,
1995; Tanji and Hoshi, 2008). Lesions of areas 46 and 9 show
similar and cumulative deficits in monitoring the sequence of
information in working memory tasks (Petrides, 2000; Muller
and Knight, 2006). The ACC is involved in affective and
mnemonic processing, but is also engaged in cognitive opera-
tions, especially in tasks with high cognitive demands. However,
there is no general agreement on the specific role of dorsolateral
areas and the ACC in cognitive control (Devinsky et al., 1995;
Carter et al., 1999).To perform a task at hand successfully it is necessary to pay
attention to relevant information and ignore irrelevant signals.
Damage to dorsolateral areas or the ACC impairs cognitive
tasks, especially in the presence of distracters (Posner and
DiGirolamo, 1998; Knight et al., 1999; Rushworth et al., 2004;
Lee et al., 2007). Corticocortical pathways in primates are excit-
atory and mainly form synapses with other excitatory neurons
(White, 1989; Somogyi et al., 1998). Theoretical computational
studies have proposed that interactions between excitatory
neurons underlie selection of relevant signals (Wang, 2001).
A smaller but significant proportion of axons from excitatory
neurons form synapses with inhibitory GABAergic neurons,
triggering inhibition at the site of termination. Though fewer in
number than excitatory neurons, inhibitory neurons are consid-
erably more diverse in morphology and function (Markram
et al., 2004). In primates, inhibitory neurons can be grouped
into three nonoverlapping neurochemical classes identified by
their expression of the calcium-binding proteins parvalbumin
(PV), calretinin (CR), and calbindin (CB), though each class
contains several morphological types (DeFelipe, 1997). PV
neurons innervate the proximal dendrites, soma, or axon initial
segment of other neurons, eliciting strong inhibition (DeFelipe
et al., 1989b; Thomson and Deuchars, 1997). CB neurons inner-
vate mostly distal dendrites of excitatory neurons (DeFelipe
et al., 1989a; Peters and Sethares, 1997). CR neurons preferen-
tially innervate other inhibitory neurons in the upper cortical
layers, and thus have a disinhibitory role (Meskenaite, 1997;
DeFelipe et al., 1999; Melchitzky et al., 2005). Disinhibition by
CR neurons is thought to enhance signals, whereas CB neurons
dampen activity at the fringes of active cortical columns to
suppress noise, collectively enhancing the signal-to-noise ratio
of relevant activity in working memory (Wang et al., 2004).
Prefrontal pathways might interact with these inhibitory
neurons to improve response selectivity in behavioral tasks,
which is disrupted after blockade of GABAergic activity (Rao
et al., 1999, 2000). For example, microstimulation of the interar-
eal pathway from prefrontal area 8 improves sensitivity to target
stimuli in visual cortex by increasing their gain and decreasing
noise from competing signals (Moore et al., 2003; Reynolds
and Chelazzi, 2004). We reasoned that because ACC and dorso-
lateral areas differ in their capacity for inhibitory control in cogni-
tive tasks, they might interact differentially with inhibitory
neurons. One possibility is that the functionally distinct ACCNeuron 61, 609–620, February 26, 2009 ª2009 Elsevier Inc. 609
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Synaptic Pathways in Cognitive ControlFigure 1. Tracing Pathways fromACC (Area 32) andArea 46 to Area 9
(A) Axon terminals in area 9 were labeled after injection of distinct neural
tracers in ACC area 32 (cases AY, BG, BI, and BIe) shown on the medial
surface of the rhesus monkey brain; and (B) in dorsolateral area 46 (cases
BIr and BH) on the lateral surface (long dashes depict the upper bank of the
principal sulcus). Short dashes mark areal borders. The inset in (B) shows
the location of sites examined in area 9 with labeled axon terminals (green
arrows) among excitatory (exc, green) and inhibitory (inh, red) neurons.
(C and D) Coronal sections show labeled axon terminals (brown) in area 9:
(C) from ACC (area 32) and (D) from area 46. Sections were counterstained
with Nissl (blue) to show cortical layers; laminar labels are placed at the begin-610 Neuron 61, 609–620, February 26, 2009 ª2009 Elsevier Inc.might help reduce noise by innervating CB neurons in dorsolat-
eral area 9, whereas area 46 might innervate more CR neurons
and disinhibit the related area 9, particularly in the upper layers
where these interneurons are most prevalent (Conde´ et al.,
1994; Gabbott et al., 1997; Gonchar and Burkhalter, 1997;
Kawaguchi and Kubota, 1997; Dombrowski et al., 2001).
The synaptic underpinnings of working memory functions for
selection and suppression of signals are not known. To address
this issue, we investigated the synaptic organization of dorsolat-
eral area 46 and ACC (area 32) with excitatory and inhibitory
neurons in dorsolateral area 9. This design allowed us to study
the synaptic pathway between two related areas with respect
to working memory (dorsolateral area 46 to dorsolateral area
9), and between two distinct areas (ACC to dorsolateral area
9). We provide evidence that the ACC has more prevalent and
larger synapses with inhibitory neurons in area 9, in patterns
suggesting increased inhibitory control in demanding cognitive
tasks.
RESULTS
To compare the organization of two pathways, one from dorso-
lateral area 46 and the other from ACC (area 32), we investigated
their synapses within the upper layers (I-IIIa) of area 9. Figure 1
summarizes the essence of our experimental approach. Briefly,
injection of distinct neural tracers in areas 32 (Figure 1A, gray
and white) and 46 (Figure 1B, gray and black) labeled axon termi-
nals in area 9. We examined at the light and electron microscope
(EM) sites in area 9 with labeled terminals among excitatory and
inhibitory neurons, which were labeled for PV, CB, or CR
(Figure 1B, dotted fill and inset). Labeled terminals from the
two pathways were dense in the central anteroposterior extent
of area 9. Axon terminals from area 32 were diffuse and wide-
spread, with a strong bias for the upper layers (I–IIIa; Figure 1C),
and from area 46 they were more restricted and columnar,
including the middle layers (IIIb–Va; Figure 1D).
Postsynaptic Targets of Boutons from Areas 32 and 46
in Layers I–IIIa of Area 9
As summarized in Figure 2A, we found three major types of termi-
nals (boutons) from axons originating in area 32 (n = 345 boutons,
from three cases) and area 46 (n = 325, from two cases), based on
their synapses and postsynaptic targets in area 9. The first and
largest group formed single synapses with spines emerging
from spiny dendrites of excitatory neurons (from area 32, 69%
of labeled boutons; from area 46, 80%; Figures 2A, bouton 1;
2B, 2C, and 2H; see Table S1, available online). The second group
of labeled boutons innervated aspiny or sparsely spiny dendritic
shafts, characteristic of cortical inhibitory neurons (area 32, 18%;
area 46, 13%; Figures 2A, bouton 2; 2D, 2E, and 2I). The third
group consisted of multisynaptic boutons that formed synapses
with two or more spines (area 32, 6%; area 46, 5%; Figures 2A,
bouton 3e; 2F and 2J), or 1 or 2 spines and an aspiny or sparsely
spiny dendritic shaft (area 32, 7%; area 46, 3%; Figures 2A,
ning of each cortical layer. Abbreviations of sulci: A, arcuate; C, central; Cg,
cingulate; P, principal; Ro, rostral.
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synapses on shafts of spiny dendrites (%1%). Labeled boutons
that appeared to be non-synaptic varicosities were not included
in this analysis (4% for area 32; 8% for area 46).
Pathway-Specific Distinction of Presynaptic Size
We classified boutons with major diameters less than 1.0 mm (2D
analysis), or volumes < 0.2 mm3 (3D analysis) as small, and
boutons above this size as large, based on cluster analysis
(p < 0.01; Figures 3A–3C). Bouton size is correlated with the
number of synaptic vesicles (Germuska et al., 2006) and synaptic
efficacy (Murthy et al., 1997). Small boutons made up the
majority in each pathway (Figure 3D, gray bars). A smaller but
significant proportion of boutons were large in both pathways
(Figure 3D, black bars), but in this respect the two pathways
diverged. Boutons from area 32 were larger than boutons from
area 46, both at the light microscope (n = 10,920 boutons from
5 cases, measured for major diameter; Figure 3A), and at the
synaptic level (n = 197, 2D major diameter, Figure 3B; n = 198,
3D volume, Figure 3C; analysis of variance [ANOVA], Bonferro-
ni’s post hoc, p < 0.01). This pathway-specific difference in
size was due to a larger overall size of boutons (Figures 3A–
3C), as well as a higher frequency of large boutons from area
32 than from area 46 (Figures 3D–3F).
Large Boutons from ACC (Area 32) Innervate Inhibitory
Neurons and Multiple Postsynaptic Sites
Further analysis revealed that the differences in bouton size de-
pended largely on the type of postsynaptic target. In the pathway
from area 32 to 9, boutons that innervated dendritic shafts of
inhibitory neurons were significantly larger (more than two times)
than those from area 46 to 9 (two-way ANOVA, Bonferroni’s post
hoc, p < 0.01; Figures 4A, red dots; 4B, 4H, and 4I). Similarly, mul-
tisynaptic boutons from area 32 were larger (more than two times)
than multisynaptic boutons from area 46 (p < 0.01; Figures 4A,
triangles; 4B, 4F, 4G, 4J, and 4K). In contrast, boutons innervating
single spines were comparatively uniform in size across path-
ways (p = 0.84; Figures 4A, green dots; 4B, 4D, and 4E), consis-
tent for data obtained from 3D and 2D EM analysis (Table S1).
Boutons from area 32 that innervated shafts of inhibitory
neurons or ensembles of spines and shafts in area 9 were also
more prevalent than those from area 46 (p < 0.05, Figure 4C;
Figure 2. Postsynaptic Targets of Boutons
from ACC (Area 32) and Area 46 in Area 9
(A) Diagram shows the three main types of post-
synaptic targets of labeled boutons (open circles)
in area 9: (1) spines of excitatory (exc, green)
neurons; (2) dendritic shafts of inhibitory (inh,
red); or (3) multiple postsynaptic sites, involving
more than one spine (3e, excitatory), or a spine
and an aspiny shaft (3m, mixed).
(B–G) EM photomicrographs show examples of
labeled axon terminals (At) and their synapses
(arrowheads) with morphologically identified post-
synaptic targets in 2D. (B) A bouton from area 32
and (C) a bouton from area 46, each innervating
a spine head (sp); the spine in (C) branches from
a dendrite (den) with mitochondria (m). (D) A large
bouton from area 32 and (E) a small bouton from
area 46, each innervating an aspiny shaft of an
inhibitory neuron (den) with a nearby shaft synapse
(arrow) from an unlabeled terminal. (F and G) Large
multisynaptic boutons from area 32: (F) one
bouton forms synapses with two spines (sp1 and
sp2) and (G) another with a spine (sp) and an
aspiny shaft (den).
(H–K) 3D reconstructions of labeled boutons and
their postsynaptic densities (PSD) and targets in
area 9. (H) A bouton from area 46 (At, dark blue)
has a synapse (PSD, yellow) with a spine (sp,
green translucent) branching from a spiny dendrite
(den) of an excitatory neuron. (I) A bouton from
area 32 (At, light blue) forms a synapse with an
aspiny dendrite (den, red translucent) of an inhibi-
tory neuron, which receives other shaft synapses
(gray) from unlabeled terminals. (J) A bouton
from area 46 (At, dark purple) forms synapses
with two spines (sp1 and sp2); sp2 branches
from a spiny dendrite (den). (K) A bouton from
area 32 (At, light purple) forms synapses with an
aspiny dendrite (den1) and two spines (sp1 and
sp2) from the same spiny dendrite (den2). Scale
bars, 0.5 mm.Neuron 61, 609–620, February 26, 2009 ª2009 Elsevier Inc. 611
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Synaptic Pathways in Cognitive ControlTable S1). Overall, the pathway from area 32 to 9 formed more
synapses with inhibitory neurons (p < 0.01, Figure 5A), through
larger boutons than the pathway from area 46 to 9.
Pathway-Specific Innervation of Distinct Neurochemical
Classes of Inhibitory Neurons
The two pathways also differed in their synapses in area 9 with
specific neurochemical classes of inhibitory neurons labeled
for CB, PV, or CR. Boutons from area 32 formed synapses pref-
erentially with aspiny CB+ dendrites (49% of labeled inhibitory
targets; Figures 5B and 5C), significantly more than in the
pathway from area 46 to 9 (22% of labeled targets; p < 0.01;
Figures 5D1–5D3). Axons from area 32 formed synapses with
a lower but significant proportion of CR+ dendrites (36% of
labeled targets; Figures 5B, 5E, and 5F). The opposite relation-
ship was seen for the pathway from area 46 to area 9, where
about half (46%) of the labeled inhibitory targets were CR+
(Figures 5B and 5G), and CB constituted a smaller proportion.
However, because axons from area 32 innervated inhibitory
neurons at a higher frequency (Figure 5A), the extent of synapses
with CR+ elements was comparable in the two pathways (6%
of all targets; Figure 5B). Boutons from area 32 formed fewer
synapses with PV+ neurons in area 9 (15% of labeled targets;
Figure 3. Bouton Size Differentiates Path-
ways from ACC (Area 32) and Dorsolateral
Area 46 to Area 9
(A and B) Average maximum major diameters and
(C) volumes of the total, large, and small labeled
boutons in area 9 from areas 32 and 46, measured
at the light microscope (A) and EM (B and C). Error
bars represent the standard deviation from cluster
analysis.
(D) Proportion of small (gray) and large (black)
labeled boutons from areas 32 and 46; data from
EM and light microscopy were pooled. Error bars
represent the standard error of the mean (SEM).
(E and F) Normalized frequency histogram of
volumes of boutons from area 32 (black bars)
and area 46 (silhouette bars) terminating in (E)
layer I and (F) layers II–IIIa of area 9.
Figures 5B and 5H) than either CB+ or
CR+ neurons. In the pathway from area
46 to 9, the proportion of synapses with
PV+ neurons was comparable with
synapses with CB+ neurons (28% of
labeled targets; Figures 5B and 5I). The
innervation of PV neurons by the two
pathways is comparable to prefrontal-
temporal pathways in primates (Medalla
et al., 2007), but lower than in pathways
linking visual areas in rats (Gonchar and
Burkhalter, 2003). These findings might
reflect differences in the proportion of
PV inhibitory neurons, which is higher in
rat visual and frontal cortices than in
monkey prefrontal cortex (Conde´ et al.,
1994; Gabbott et al., 1997; Gonchar and
Burkhalter, 1997; Kawaguchi and Kubota, 1997; Dombrowski
et al., 2001). The above findings indicate that the two pathways
mainly differed by the higher prevalence of synapses with CB+
inhibitory neurons from the ACC than the area 46 pathway.
A majority (74%–80%) of the inhibitory targets of prefrontal
pathways were positive for CB, PV, or CR. A smaller proportion
of inhibitory targets were morphologically identified as aspiny or
sparsely spiny shafts that were immunonegative for CB, PV, or
CR, which might be attributed to weak or absent labeling of distal
dendrites in the upper cortical layers, suggesting an underesti-
mate of synapses on labeled postsynaptic sites. Alternatively,
unlabeled postsynaptic sites might represent the complemen-
tary population of inhibitory neurons. For example, in triple-
labeled tissue for prefrontal terminals, CB, and CR, unlabeled
inhibitory targets could have been PV+. The use of serial sections
helped identify and classify postsynaptic elements with a high
degree of confidence. Counterbalancing staining methods using
gold or tetramethylbenzidine (TMB) yielded consistent results
across labeling conditions, suggesting that the pathway speci-
ficity found was not due to methodological issues.
We also used another approach to classify dendrites as spiny
(excitatory) or sparsely spiny (inhibitory), especially because CB
and CR also label a minority of pyramidal neurons (DeFelipe612 Neuron 61, 609–620, February 26, 2009 ª2009 Elsevier Inc.
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Synaptic Pathways in Cognitive Controlet al., 1989a; del Rio and DeFelipe, 1997). In our sample, sparsely
spiny dendrites had lower spine densities (<0.5 spines/mm
length) than spiny dendrites (>0.5 and up to 4 spines/mm; p <
0.01), consistent with previous studies (Feldman and Peters,
1978; Larkman, 1991; Kawaguchi et al., 2006). Further, the
average synapse density on shafts of aspiny dendrites
(2 synapses/mm), or sparsely spiny dendrites (0.6 synapses/mm)
was considerably higher than for spiny dendrites, which virtually
had no asymmetric shaft synapses.
Linear Relationship between Presynaptic
and Postsynaptic Size
There was a linear relationship between bouton volume and post-
synaptic density (PSD) area across pathways and postsynaptic
targets (spine targeting: R2 = 0.51, Figure 6A; shaft targeting:
R2 = 0.72, Figure 6D; volume of multisynaptic boutons versus
total PSD: R2 = 0.7, not shown; p < 0.01; Table S1). Accordingly,
boutons of comparable size that innervated spines had compa-
rable PSD area and spine volume (bouton volume versus spine
volume: R2 = 0.49, Figure 6B; spine volume versus PSD: R2 =
0.58, Figure 6C; p < 0.01; Table S1). The same relationships
were found for multisynaptic boutons and their postsynaptic
targets (spine volume versus PSD: R2 = 0.74–0.81, p < 0.01).
However, for boutons innervating dendritic shafts, bouton size
was related to synapse size, but not dendritic size (bouton volume
versus dendrite diameter: R2 = 0.02, p = 0.53, Figure 6E; dendrite
diameter versus PSD: R2 = 0.07, p = 0.21, Figure 6F).
Comparison of Labeled Pathways
with the Surrounding Neuropil
To determine whether the two pathways from areas 32 and 46
terminated in similar or distinct compartments of area 9, we
used unbiased estimates of populations of unlabeled boutons
forming asymmetric synapses in the neuropil around labeled
boutons (White, 1989). In addition to the types of synapses
seen for labeled pathways, unlabeled boutons also innervated
Figure 4. Presynaptic Size Differences
Correlate with Type of Postsynaptic Target
(A) Scatter plot shows the volumes of individual
boutons from area 32 (n = 91) and area 46 (n =
90) that formed synapses with distinct postsyn-
aptic targets in layers I–IIIa of area 9.
(B) Average volume of boutons from area 32 (dark
blue) and area 46 (light blue) with distinct postsyn-
aptic targets. In the pathway from area 32, bou-
tons were significantly larger than from area 46
when forming synapses with aspiny shafts of
inhibitory neurons or with multiple postsynaptic
sites (p < 0.01, asterisks), but not with synapses
on single spines.
(C) Proportion of all labeled boutons with distinct
postsynaptic targets. Boutons forming synapses
with aspiny shafts, and spines and shafts were
more prevalent from area 32 (on shafts, n = 67/
345 boutons; spine + shaft, n = 23/345) than
from area 46 (on shafts, n = 39/325; spine + shaft,
n = 8/325); the opposite relationship was seen for
boutons innervating spines (n = 235/345 from area
32; n = 261/325 from area 46). Statistically signifi-
cant comparisons are marked with asterisks.
(D–K) 3D reconstructions of labeled boutons (At) in
area 9 from area 32 (dark blue) and area 46 (light
blue). (D and E) Small boutons that form a synapse
(PSD, yellow) with a spine (sp, green) in layer I of
area 9: (D) from area 32 and (E) from area 46. (F)
A large multisynaptic bouton from area 32 forms
synapses with two spines (sp1 and sp2) in layers
II–IIIa, branching from dendrites (den1 and den2).
(G) A small multisynaptic bouton from area 46
forms synapses with two spines (sp1 and sp2) in
layers II–IIIa; sp1 branches from dendrite (den). (H
and I) Boutons targeting aspiny dendrites of inhib-
itory neurons (den, red): (H) a large bouton from
area 32 and (I) a small bouton from area 46. (J
and K) Multisynaptic boutons forming synapses
with an aspiny shaft (den1) and a spine (sp) branch-
ing from a dendrite (den2): (J) a large bouton from
area 32 and (K) a small bouton from area 46. Scale
bars, 0.5 mm. Error bars represent SEM.Neuron 61, 609–620, February 26, 2009 ª2009 Elsevier Inc. 613
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Synaptic Pathways in Cognitive Controlsomata (<1%), or multiple dendrites (<1%). We found a compa-
rable proportion of unlabeled synapses with spines and
dendrites as for labeled synapses in each pathway (p > 0.05;
Table S1). However, as shown above, the two pathways differed
from each other, suggesting that boutons from areas 32 and 46
terminate in distinct compartments of area 9.
Unlabeled boutons in the surrounding neuropil (mean
volume ± SEM, 0.13 ± 0.02 mm3) were comparable in size with
labeled boutons from area 46 (p = 0.42), but were significantly
smaller (0.12 ± 0.01 mm3) than boutons from area 32 (p <
0.01), especially those innervating dendritic shafts or multiple
postsynaptic sites (Table S1). There was a higher prevalence
of large multisynaptic boutons labeled from area 32 than in
the surrounding neuropil (6% of unlabeled boutons; p <
0.01; Table S1). Further, within the same dendritic segment,
synapses from area 32 (PSD area, 0.14 ± 0.02 mm2) were larger
than unlabeled synapses (0.07 ± 0.005 mm2; p < 0.05), whereas
synapses from area 46 (0.1 ± 0.02 mm2) were comparable in size
with unlabeled synapses (0.1 ± 0.03 mm2; p = 0.63) on the same
dendrite.
DISCUSSION
We provide evidence that two pathways from ACC and dorsolat-
eral area 46 differ specifically in their synapses with inhibitory
neurons in dorsolateral area 9. The pathway from the functionally
distinct ACC formed more and larger synapses with inhibitory
neurons, and targeted preferentially the neurochemical class of
calbindin inhibitory neurons, than the pathway linking the func-
tionally related areas 46 and 9. This evidence suggests that
ACC has strong influence on an inhibitory control system of
dorsolateral prefrontal cortex.
Similarity of Prefrontal Pathways for Excitation
and Diversity for Inhibition
Both pathways innervated mostly spines of excitatory neurons in
area 9, as in other corticocortical pathways (White, 1989; Call-
away, 1998), and these terminals did not differ in size. The signif-
icance of the large terminals from ACC that targeted inhibitory
neurons is based on evidence that bouton size is correlated
with the number of synaptic vesicles (Germuska et al., 2006;
Figure 5. ACC Area 32 and Area 46 Differen-
tially Innervate Distinct Neurochemical
Classes of Inhibitory Neurons in Area 9
(A) Normalized distributions of all labeled
synapses with spines (black) or with aspiny or
sparsely spiny dendrites of inhibitory neurons
(crosshatch) in area 9: axons from area 32 had
more synapses on inhibitory neurons than area
46 (p < 0.01).
(B) Proportion of synapses with inhibitory neurons
labeled with calbindin (CB), calretinin (CR), or
parvalbumin (PV). ACC area 32 innervated signifi-
cantly more CB neurons than area 46 (p < 0.01,
asterisk).
(C–G) EM photomicrographs of labeled boutons
(At) that form synapses (silhouette arrowheads)
with distinct neurochemical classes of inhibitory
neurons. (C) Large labeled bouton from area 32
(At) forms a synapse with a CB+ dendrite labeled
with gold (arrows). (D1–D3) A series of three
images of a small bouton from area 46 (At) that
forms a synapse (arrowheads in [D1] and [D2])
with a CB+ dendrite labeled with gold (arrows in
[D2] and [D3]). (E and F) Two large boutons (At)
from area 32 form a synapse with a CR+ dendrite:
one labeled with gold ([E], arrow), another with
TMB ([F], arrows). The CR+ dendrite in (E) also
receives synapses from two unlabeled boutons
(black arrowheads). (G) A small bouton from area
46 (At) forms a synapse with a CR+ dendrite
labeled with gold (arrows), which also receives
a synapse from an unlabeled bouton (black arrow-
heads). (H) Large labeled bouton from area 32 (At)
forms a synapse with a PV+ dendrite labeled with
gold (arrows). (I) Small bouton from area 46 (At)
forms a synapse with a PV+ dendrite labeled
with TMB (arrow). Scale bars, 0.5 mm. Error bars
represent SEM.614 Neuron 61, 609–620, February 26, 2009 ª2009 Elsevier Inc.
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upon stimulation (Tong and Jahr, 1994; Murthy et al., 1997).
This evidence suggests that ACC can effectively recruit inhibitory
neurons in dorsolateral prefrontal cortex. Moreover, the ACC
preferentially innervated CB inhibitory neurons, which target
the distal dendrites of pyramidal neurons (DeFelipe et al.,
1989a; Peters and Sethares, 1997), and are thought to decrease
activity at the fringes of active cortical columns (Wang et al.,
2004; Zaitsev et al., 2005). In contrast, the inhibitory targets of
area 46 in area 9 were predominantly CR neurons, which inner-
vate other GABAergic neurons in the upper layers, and thus
disinhibit excitatory neurons (Meskenaite, 1997; Melchitzky
et al., 2005). This evidence suggests that activation of the
pathway from area 46 predominantly disinhibits activity in the
related area 9, whereas the functionally distinct ACC enhances
inhibition.
ACC stands out for its large terminals and prevalence of
synapses with inhibitory neurons by comparison with other cor-
ticocortical pathways as well (Anderson et al., 1998; Anderson
and Martin, 2006; Medalla et al., 2007), suggesting a distinct
role in cognitive control. In contrast, synapses from area 46
with inhibitory neurons in area 9 were comparable with other
corticocortical pathways, including those from area 9 to 46
Figure 6. Relationship of Presynaptic and
Postsynaptic Features of Prefrontal Path-
ways
(A–C) Linear regressions for boutons targeting
spines showing significant (p < 0.01) correlations
of bouton volume and spine PSD area (A), bouton
volume and spine volume (B), and spine volume
and PSD area (C).
(D–F) Linear regressions for boutons targeting
dendritic shafts of inhibitory neurons. (D) Bouton
volume and dendrite PSD area were significantly
correlated (p < 0.01). (E) There was no correlation
between bouton volume and dendrite diameter
(p = 0.53) or (F) between dendrite diameter and
PSD area (p = 0.21).
(Melchitzky et al., 2001). The similarity in
synapses that interlink dorsolateral areas
9 and 46 is consistent with their related
function in working memory. Neurons in
areas 9 and 46 are activated during selec-
tion, integration, and maintenance of rele-
vant cues and responses in working
memory tasks (Fuster, 1973; Niki and Wa-
tanabe, 1976; Tanila et al., 1992; Tanji
and Hoshi, 2008). Lesions restricted to
area 9 produce similar, though milder,
impairments in working memory tasks
than lesions of area 46 (Levy and Gold-
man-Rakic, 1999; Petrides, 2000), though
sulcal area 46 might have a more critical
role than area 9 in visuomotor tasks
(Mishkin and Manning, 1978; Ono et al.,
1984; Funahashi et al., 1989).
Previous studies have shown that terminals of ‘‘feedforward’’
pathways are larger than ‘‘feedback’’ terminals in the upper
layers of the visual cortex in rats (Gonchar and Burkhalter,
1999). Here we found that axon terminals from ACC, which
issues mostly feedback projections to lateral prefrontal cortex,
were larger than axon terminals in the feedforward/lateral
pathway from area 46 to 9 (Barbas and Rempel-Clower, 1997).
The findings in the rat cortex and here suggest that there is spec-
ificity in the synaptic features of pathways, but not according to
a categorical hierarchical grouping (see also Anderson et al.,
1998; Anderson and Martin, 2002; Medalla et al., 2007). Instead,
previous studies have shown a graded increase in the size of
boutons from layer I through the middle (lower III to upper V)
cortical layers (Germuska et al., 2006; Medalla et al., 2007).
The ACC and Dorsolateral Prefrontal Cortex
in Cognitive Control
Figure 7 summarizes how the synaptic diversity of pathways
from ACC (area 32) and dorsolateral area 46 might differentially
affect neuronal dynamics in area 9. Prefrontal pathways predom-
inantly engage excitatory neurons (Figure 7, green), which carry
either task-relevant signals or noise (Wang, 1999; Gonzalez-
Burgos et al., 2000; Constantinidis et al., 2001; Abbott andNeuron 61, 609–620, February 26, 2009 ª2009 Elsevier Inc. 615
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tion of Inhibitory Neurons by Distinct Path-
ways and Their Possible Role in Cognitive
Control
Line thickness and size of arrows represent
strength of connection (from data) or output.
Dotted lines denote decrease in output.
(A) Low cognitive demands in working memory:
activation of the pathway from area 46 to area 9
predominantly engages CR neurons (via 46-cr),
which disinhibit pyramidal neurons. This pathway
is consistent with disinhibiting activity in area 9
and enhancing relevant signals (large green
triangle). Innervation of CB neurons is low, but
a few might be activated (via 46-cb); this pathway
is consistent with suppressing moderate noise
(small green triangle).
(B) During high cognitive demand, the pathways
from area 46 and ACC (area 32) might act in
synergy. When noise increases during high cogni-
tive demands, suppression engaged by the area
46 pathway might not be enough. ACC might be
recruited to suppress excessive noise by strongly activating CB neurons through efficient large boutons (via 32-cb). ACC might also engage CR neurons to further
disinhibit the relevant signal drowned out by excessive noise (via 32-cr).
(C) During high cognitive demand, large ACC boutons might overpower the effects of small area 46 boutons to reverse decisions. CB inhibitory neurons activated
by large boutons from ACC (32-cb) might overpower CR disinhibitory neurons engaged by small boutons from area 46 (46-cr) to suppress a previous signal
(green, old signal). CR disinhibitory neurons might be recruited by large boutons from ACC (32-cr), overpowering CB neurons engaged by area 46 (46-cb) to
enhance a new signal. In addition, the two pathways might recruit PV inhibitory neurons (46-pv and 32-pv), potentially shifting the temporal dynamics to reverse
the response, with the large boutons from ACC acting as drivers (32-pv).Chance, 2005). Our findings suggest that the functionally distinct
prefrontal pathways are similar in enhancing signal but differ in
their ability to suppress noise. Specifically, the two pathways
innervated to a similar extent CR inhibitory neurons, which disin-
hibit excitatory neurons, and might thus enhance task-relevant
signals in working memory (Wang et al., 2004). However, ACC
had a bigger influence on CB inhibitory neurons, which are
thought to suppress irrelevant signals and consequently
increase the signal-to-noise ratio of task-relevant activity. In
simple working memory tasks, the few CB neurons engaged
by area 46 might suffice to suppress moderate noise
(Figure 7A, 46-cb). However, the ACC is recruited when noise
increases under high cognitive demands (MacDonald et al.,
2000; Gehring and Knight, 2000; Ito et al., 2003; Badre and Wag-
ner, 2004; Johnston et al., 2007; Chen et al., 2008; Emeric et al.,
2008). The ACC pathway might help reduce excessive noise by
strongly activating CB inhibitory neurons through large terminals
(Figure 7B, 32-cb).
The ACC is also involved in monitoring error, switching atten-
tion, or reversing decisions (Ito et al., 2003; Johnston et al.,
2007; Schall et al., 2002; Bechtereva et al., 2005). The efficient
large terminals from area 32 might provide the synaptic substrate
for these functions as well (Figure 7C). Through its synapses with
CB neurons, the ACC might override activity of a previous, but
now undesired, signal, and through its synapses with CR neurons
might disinhibit a new signal, essentially overcoming the weaker
synaptic impact of the smaller terminals from area 46 (Figure 7C,
32-cb overpowers 46-cr, 32-cr overpowers 46-cb).
Fast-spiking PV inhibitory neurons influence the timing of
signals for working memory tasks (Rao et al., 1999; Constantini-
dis et al., 2002) and might also be involved in these functions,
though they were not the major inhibitory targets in the two path-616 Neuron 61, 609–620, February 26, 2009 ª2009 Elsevier Inc.ways. This finding is consistent with the lower prevalence of PV
inhibitory neurons in the upper layers (DeFelipe, 1997), suggest-
ing that they might have a greater influence in the middle-deep
cortical layers, where they are most abundant. Nevertheless,
the large terminals from ACC onto PV neurons (Figure 7C, 32-pv)
might provide excitatory drive (Gonzalez-Burgos et al., 2004;
Abbott and Chance, 2005) to shift the temporal dynamics and
reverse a response. This process might also be facilitated by
the unusual class of large multisynaptic boutons, which were
specific to the ACC pathway, and formed synapses with inhibi-
tory and excitatory neurons (Figure 4J). The above circuit model
is oversimplified, and understanding the conditions for recruit-
ment of these pathways in behavior ultimately rests in the realm
of physiology in awake primates.
The ACC is linked with the hippocampus, amygdala, hypothal-
amus, orbitofrontal and medial temporal cortices, which are
associated with long-term memory and emotions (Barbas
et al., 2002). In contrast, dorsolateral prefrontal areas have
sparse connections with limbic structures and likely access
mnemonic and affective information through their extensive
connections with ACC (Barbas, 2000). At the functional level,
motivation and reward improve working memory by strength-
ening task-related activity in lateral prefrontal areas (Watanabe,
2007). In contrast, stress-related stimuli impair working memory
(Arnsten, 2007), and unrewarded actions are subsequently
avoided (Taylor et al., 2006).
Our findings address the much debated issue of the relative
contribution of ACC and dorsolateral prefrontal cortex in cogni-
tive control at the synaptic level. Specifically, the synaptic inter-
actions suggest that the ACC might use affective and mnemonic
information to either act synergistically with dorsolateral
prefrontal areas and strengthen a relevant signal when noise
Neuron
Synaptic Pathways in Cognitive Controlintrudes, or reverse undesired decisions for flexible behavior
(Bush et al., 2000; Paus, 2001; Matsumoto and Tanaka, 2004;
Watanabe, 2007) in functions that are severely affected in
schizophrenia (Vogels and Abbott, 2007; Allen et al., 2008).
The density of inhibitory neurons is reduced in the upper layers
of ACC in the brains of schizophrenic patients (Reynolds et al.,
2001; Benes and Berretta, 2001). In contrast, in the deep layers
PV inhibitory neurons are either increased in density or
unchanged (Kalus et al., 1997; Cotter et al., 2002), but pyramidal
(excitatory) neurons decrease (Benes et al., 2001). Functional
imaging studies show hypofunction of ACC in schizophrenic
patients (Fletcher et al., 1999; Kerns et al., 2005; Allen et al.,
2007), consistent with the anatomic data, as well as evidence
on the combined contribution of excitatory and inhibitory
neurons to the blood-oxygen-level-dependent signal (Logothetis
and Wandell, 2004; Buzsaki et al., 2007) .
Our findings place the emphasis on a deficiency in pathways,
rather than cortical locus, in schizophrenia. Specifically, the
deep layers of ACC, which show reduction in excitatory neurons
in schizophrenia, are also the major source of projections to the
upper layers of dorsolateral prefrontal areas in nonhuman
primates (Barbas and Rempel-Clower, 1997). The present data
provide a circuit mechanism to suggest that pathology in the
deep layers of ACC reduces excitatory drive on inhibitory
neurons of dorsolateral prefrontal cortices, perturbing the deli-
cate balance of excitation and inhibition.
EXPERIMENTAL PROCEDURES
Subjects
Animals were obtained from the New England Primate Research Center
(NEPRC) and protocols were approved by the Institutional Animal Care and
Use Committee at NEPRC, Harvard Medical School, and Boston University
School of Medicine in accordance with NIH guidelines (DHEW Publication
no. [NIH] 80-22, revised 1987, Office of Science and Health Reports, DRR/
NIH, Bethesda, MD, USA).
Surgical Procedures and Injection of Neural Tracers
Tracer injections were made in normal rhesus monkeys (Macaca mulatta;
2–3 years of age, n = 5) under general anesthesia.A small region of the prefrontal
cortex was exposed to inject areas 32 and 46 (Figure 1) with the neural tracers,
biotinylated dextran amine (BDA), fluoroemerald (FE, dextran fluorescein), or
fluororuby (FR, dextran tetramethylrhodamine; Molecular Probes, Eugene,
OR), all 10,000 MW, to optimize anterograde over retrograde transport (Reiner
et al., 2000). In each case, the dye was diluted to 10 mg/ml and delivered in two
to four penetrations at a depth of 1.2–1.6 mm below the pial surface.
After a survival period of 18 days, the animals were anesthetized with a lethal
dose of sodium pentobarbital (>50 mg/kg, to effect) and transcardially
perfused with 4% paraformaldehyde and 0.2% glutaraldehyde in 0.1 M phos-
phate buffer (PB) (pH 7.4). The brain was removed, cryoprotected, frozen
in75C isopentane, and cut in the coronal plane at 50 mm, as described else-
where (Medalla et al., 2007). Tissue was stored in antifreeze solution (30%
ethylene glycol, 30% glycerol, 40% 0.05 M PB [pH 7.4] with 0.05% sodium
azide) at 20C until use.
Immunohistochemistry for Light Microscopy
Assays were conducted on free-floating sections (at 4C). Sections were
incubated in 0.05 M glycine and preblocked in 5% normal goat serum (NGS)
and 5% bovine serum albumin (BSA) with 0.2% Triton-X. To view BDA label,
sections were incubated in an avidin-biotin (AB) horseradish peroxidase
(HRP) complex (1 hr, 1:100 in phosphate-buffered saline [PBS] with 0.1% Triton
X; PK-6100 ABC kit, Vector Labs, Burlingame, CA), and processed with diami-nobenzidine (DAB, 2–3 min; Zymed Labs, South San Francisco, CA). To view
fluorescent tracers (FE and FR) under brightfield illumination, we incubated
sections in AB blocking reagent (Vector) to prevent cross-reaction with BDA in-
jected in the same animal, and used antibodies against FE or FR (1:800, in PBS,
1% NGS, 1% BSA, 0.1% Triton-X; rabbit polyclonal, Molecular Probes; over-
night incubation). Sections were incubated in biotinylated goat anti-rabbit
immunoglobin G (IgG; 2 hr, 1:200; Vector), then in AB-HRP, and DAB.
In some sections, FE or FR labeling was visualized using the peroxidase-anti-
peroxidase (PAP) method, which does not involve biotinylated secondary anti-
bodies (Zikopoulos and Barbas, 2006), and yielded similar label.
Preembedding Immunohistochemistry for EM
For viewing synapses of labeled prefrontal pathways with CB, PV, or CR post-
synaptic sites at the EM, we employed preembedding immunohistochemistry
using gold-conjugated antibodies. Sections were processed for BDA, FE, or
FR using DAB, with 0.025% Triton-X. Sections were incubated overnight in
primary antibody for CB (1:2000; mouse monoclonal, Swant, Bellinzona,
Switzerland), PV (1:2000; mouse monoclonal, Chemicon, Temecula, CA;
rabbit polyclonal, Swant), or CR (1:2000; mouse monoclonal; rabbit polyclonal,
Swant), then overnight in gold-conjugated secondary goat anti-mouse or anti-
rabbit IgG (1:50, 1 nm gold particle diameter; Amersham Biosciences, Piscat-
away, NJ). Sections were postfixed with 2% or 6% glutaraldehyde as
described elsewhere (Medalla et al., 2007). Gold labeling was then intensified
using a silver enhancement kit (6–12 min; IntenSE M kit, Amersham), which
results in aggregates of gold particles of variable sizes.
For triple labeling, we combined DAB (uniform label), gold staining with silver
enhancement (clumps of gold particles), and TMB staining (rod-shaped
precipitate), which are easily differentiated in EM. After labeling fibers with
DAB, sections were incubated in AB blocking reagent to prevent cross-reac-
tion with TMB. For BDA-labeled tissue, sections were coincubated overnight
in the primary antibodies for PV or CR (rabbit polyclonal) and CB (mouse
monoclonal), and then in biotinylated anti-mouse IgG, followed by AB-HRP.
For FE- or FR-labeled tissue, we used a combination of two mouse monoclonal
primary antibodies for PV, CB, or CR, processed successively, using the
Mouse-on-Mouse blocking kit (M.O.M. basic kit, Vector) in between to prevent
cross-reaction. Sections were incubated overnight in the appropriate gold-
conjugated IgG, postfixed, and intensified with silver. Sections were
processed for TMB, then stabilized with DAB-cobalt chloride solution, as
described elsewhere (Medalla et al., 2007). In control experiments, we omitted
primary antibodies to test the specificity of secondary antibodies, used the AB
blocking kit prior to AB binding, or used the M.O.M. kit prior to secondary anti-
body binding and found no labeling in any of these conditions.
Small pieces of cortex with label in area 9 were then cut from sites with no
retrograde label in the vicinity, to avoid the possibility of sampling local axon
collaterals of labeled neurons. The tissue pieces were postfixed in osmium,
dehydrated in ethanol (50%–100%), stained with 1% uranyl acetate, infiltrated
with propylene oxide, and flat-embedded in araldite resin, as described
(Medalla et al., 2007).
Data Analysis
Bouton Size Measurement: Light Microscope
To measure boutons at the light microscope, we captured images at high
magnification (10003) of one or two random sites within a region of antero-
grade labeling in layers I and II–IIIa of area 9, with a CCD camera (Olympus
DP70) mounted on a microscope (Olympus BX51), as described elsewhere
(Zikopoulos and Barbas, 2006). We measured the maximum major diameters
of each labeled profile within each image using ImageJ (v. 1.32j for Windows,
NIH). Our sampling included measurement of 5000 boutons from two or
three cases for each pathway.
Mapping Labeled Synapses
To map synapses formed by prefrontal axons, re-embedded blocks of tissue
from layers I (n = 13 pieces) and II–IIIa (n = 9 pieces) were trimmed with
a diamond trim tool (Diatome, Fort Washington, PA; layer I, average block
face area = 161 3 285 mm; II–IIIa, 261 3 456 mm) for serial sectioning at
50 nm, as described elsewhere (Medalla et al., 2007). We examined sections
at 60 kV with a transmission EM (100CX; Jeol, Peabody, MA), photographedNeuron 61, 609–620, February 26, 2009 ª2009 Elsevier Inc. 617
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Photo Scanner, Epson America, Inc., Long Beach, CA).
We conducted systematic and exhaustive sampling of labeled boutons from
an average of 100 serial sections from each piece of tissue to yield a compa-
rable sample of labeled boutons per pathway and neurochemical stain. Overall
we identified about 300 labeled boutons from each pathway (n = 670 total from
five cases), with 198 boutons used for 3D analysis to measure volumes (>90%
of which were synaptic), 197 for 2D analysis of major diameter, and the rest
were used only to identify postsynaptic targets.
3D Reconstruction of Synapses
We used the open source program Reconstruct (www.bu.edu/neural; Fiala,
2005) to analyze labeled boutons and their postsynaptic targets and recon-
struct them in 3D from serial sections (30–50 sections for each synapse).
The thickness of sections was estimated using the method of cylindrical diam-
eters (Fiala and Harris, 2001a). Object contours of boutons and postsynaptic
elements were manually traced section-by-section, and used to calculate
volume and surface area. A 3D model was generated and imported in 3D
Studio Max (v3, Autodesk Inc., San Rafael, CA) for additional rendering.
We used classic criteria to identify synapses on spines, which are enriched
on excitatory neurons, or with aspiny or sparsely spiny shafts, which are char-
acteristic of inhibitory neurons in the cortex (Peters et al., 1991). We identified
postsynaptic targets labeled with CB, CR, or PV by the presence of gold or
TMB within the postsynaptic target in about a fourth of the sections in the
series (Figure S1). CB and CR are expressed in a minority of pyramidal neurons
(DeFelipe et al., 1989a; del Rio and DeFelipe, 1997). We considered postsyn-
aptic targets as belonging to CB or CR inhibitory neurons if they were labeled,
and also were aspiny or sparsely spiny. The latter were characterized by
computing a spine and synapse density index of reconstructed dendrites, as
described (Fiala and Harris, 2001b).
We used stereologic methods to compare labeled boutons with unlabeled
boutons forming asymmetric synapses in the surrounding neuropil. We
employed systematic random sampling of the neuropil surrounding 1 in every
30 labeled boutons from each block of tissue from four cases. In each termi-
nation site of 30–50 serial sections (average volume = 272 mm3; n = 5 sites
surrounding area 32 boutons; n = 6 sites around area 46), labeled boutons
were photographed at the center of the frame and unlabeled boutons around
it were exhaustively counted (n = 1604). Unlabeled boutons that were
complete in the series were reconstructed in 3D (n = 172). The average total
volume of tissue analyzed was about 1.5 mm3 for each pathway.
2D Measurements of Synapses
Labeled boutons and their postsynaptic targets were identified, photo-
graphed, and sampled exhaustively in every 10 adjacent sections at intervals
of 1 mm (skipping 20 sections) throughout the entire series. This sampling is
comparable to 2D single-section EM analysis described previously (Germuska
et al., 2006), but ambiguity is reduced by having essentially nine ‘‘look-up’’
sections, instead of the standard two or three sections. We used ImageJ to
measure the maximum major diameters of labeled boutons at the level of
the synapse within the ten-section sampling interval.
Statistical Analysis
For each injection site, measurements were made from multiple sites in layers
I–IIIa of area 9 in two or three monkeys, as described above. Comparisons
were made using one-way or two-way ANOVA and Bonferroni’s post hoc in
Statistica (v.7 for Windows, StatSoft Inc., Tulsa, OK) or SPSS (v.10.1 for
Windows, SPSS Inc., Chicago, IL). Linear regression was conducted using
least-squares approximation in Sigma-Plot (v.7.0, SPSS Inc.). Linear relation-
ships were consistent between layers and pathways, so the data were pooled.
To determine the proportion of large and small boutons, we performed
K-means cluster analysis on the major diameters and volumes of labeled
boutons using Statistica, with parameters set to maximize initial between-
cluster differences. For cluster analyses, no differences were found between
layers or between light and electron microscopy, so the data were combined.
SUPPLEMENTAL DATA
The Supplemental Data include a table and figure and can be found with this
article online at http://www.neuron.org/supplemental/S0896-6273(09)00045-2.618 Neuron 61, 609–620, February 26, 2009 ª2009 Elsevier Inc.ACKNOWLEDGMENTS
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